This paper examines long-term change in the interannual variability in surface air temperature and its cause by using monthly data generated in climate change experiments (1851-2100) performed using two models. Regions north of 20 N are analyzed. Anomalies are defined as high-pass filtered values with a cuto¤ period of 30 years. Interannual variabilities of anomalies are expressed as the root mean square value for a 30 year period.
Introduction
Climate change may be defined as long-term changes in relatively short-term statistics (at least one or more decades) of climate elements. The most general statistical measure is the time average. Therefore, many climate change studies have considered changes in time averages.
Among these studies the most attention is currently focused on global warming. The global mean surface air temperature has been gradually rising since the middle of the 20th century. Solomon et al. (2007) show that it has risen by 0.74 G 0.18 C (0.07 G 0.02 C/10 years) over the last 100 years and the rate of warming in the last 50 years has been 0.13 G 0.03 C/10 years, that is, about twice as large as that over the whole period. Mann et al. (1999) state that the temperature was abnormally high in the latter half of the 20th century, and that the 1990s were the warmest decade in the Northern Hemisphere for the past 1,000 years. A broad consensus has emerged that global warming is due to the anthropogenic increase of greenhouse gases. Solomon et al. (2007) predict that the global mean surface air temperature will rise by up to 6.4 C (the upper limit of the A1FI scenario, which predicts the most marked increase of greenhouse gas emissions) at the end of the 21st century (2090) (2091) (2092) (2093) (2094) (2095) (2096) (2097) (2098) (2099) compared with that in 1980-1999. The most significant warming has occurred at high latitudes in the Northern Hemisphere. As a result, sea ice coverage has decreased year after year in the Arctic Ocean (Vinnikov et al. 1999 ; Arctic Climate Impacts Assessment (ACIA) 2004), which causes further temperature rises in the region. In the Arctic, the surface air temperature has increased at almost twice its global average rate (Solomon et al. 2007) , and observed temperatures in the latter half of the 20th century are the warmest among the recent four centuries (Serreze et al. 2000) . If global warming continues, all the sea ice in the Arctic Ocean will melt during the summer by the end of this century (ACIA 2004) .
These studies associated with global warming are all based on the use of time average statistics. However, considering the time average does not necessarily explain all aspects of present climate change. Long-term changes in interannual variability are a part of climate change, and are therefore important to a more complete understanding of climate change.
There have been some studies of long-term change in the interannual variability of temperatures associated with global warming. (Hereafter, interannual variability in temperatures will be referred to as IVT.) Manabe and Wetherald (1980) show that temperature variance decreases during periods of global warming, using a very basic simulation in which they employed a simple land-sea distribution and an annual mean insolation. They also suggest that this reduction in variability may be related to the decrease of the meridional temperature gradient. However, this relation was not analyzed in detail. Räisänen (2002) examined the longterm change in monthly mean temperature using 19 di¤erent model outputs from the second phase of the Coupled Model Intercomparison Project (CMIP2), indicating that the IVT at high latitudes in the Northern Hemisphere decreases significantly in winter. However, the cause of the decrease was not investigated. Stou¤er and Wetherald (2007) examined potential causes of this predicted outcome. They consider that the heat capacity of the underlying surface is related to the IVT, concluding that the IVT generally decreases at high latitudes because the area of open water expands due to the decrease of sea ice, leading to an increase in the heat capacity in these areas. For the same reason, they state that the IVT becomes large over regions where the area of sea ice increases. However, we think that the IVT is not fundamentally determined by the heat capacity of the underlying surface, as will be shown later (Fig. 1) . Thus, Stou¤er and Wetherald's consideration cannot explain many processes in their analyses. For example, the IVT locally increases over polar regions north of sea ice edges, but it cannot be explained with the change of the heat capacity, because sea ice does not increase there. Furthermore, decreases of the IVT over continents also cannot be explained by changes in the heat capacity. The change of the IVT therefore demands a di¤erent explanation from previous approaches.
This study considers the long-term change in the IVT at high latitudes in the Northern Hemisphere and examines its cause. IVT is defined as the root mean square of temperature anomalies. The longterm change of ''the time-mean'' temperature is calculated using a low-pass filter, and the anomaly is defined as the deviation from the low-pass filtered field, that is, the high-pass filtered field. We pay particular attention to the di¤erence of the IVT between the period of strong global warming (mainly the years 2035-2064) and a pre-warming baseline period (mainly the years .
It is best to use observed data in any data analysis if possible. However, a full observational data set (i.e., without missing regions) is available only for the global warming era, while the pre-warming period has many missing regions. In order to examine the relation between the long-term change in the IVT and global warming, it is necessary to compare the IVTs before and after global warming. Thus, observed data are not appropriate for the present study, and data simulated by climate models are analyzed instead. In order to strengthen the significance, this study uses the outputs of two di¤erent models, i.e., the Meteorological Research Institute Coupled GCM version 2.2 (MRI-CGCM2.2) and the Model for Interdisciplinary Research on Climate 3.2 medium-resolution version (MIROC3.2(medres)). Model descriptions and results derived using MRI-CGCM2.2 are described in the main body, while those using MIROC3.2 are mentioned in the Appendix. This paper is organized in six sections. Section 2 describes the models used in this study. Section 3 explains the data constructed by the model experiments. The method of analyzing the long-term change in the IVT is presented in Section 4. Section 5 presents results and discussion, and conclusions are o¤ered in Section 6.
Model description
The data used are taken from numerical experiments performed using MRI-CGCM2.2 (Yukimoto et al. 2001) in the Meteorological Research Institute. MRI-CGCM2.2 consists of an atmospheric general circulation model (AGCM) which includes a land process model, and an oceanic general circulation model (OGCM) which includes a sea ice model.
In the AGCM, the horizontal resolution is T42 (triangular truncation with a maximum wavenumber of 42), having 128 zonal grids and 64 meridional grids (Gaussian grids), and therefore the grid spacing is approximately 2:8 Â 2:8 . The number of vertical levels is 30 with a top at 0.4 hPa. As to convection, the prognostic Arakawa-Schubert scheme similar to Randall and Pan (1993) is used. The planetary boundary layer scheme is based on the level-2 closure of Mellor and Yamada (1974) . The Simple Biosphere model (Sellers et al. 1986; Sato et al. 1989 ) is used as the land surface model, treating the e¤ects of vegetation. Solar radiation (short-wave radiation) is formulated by the method of Shibata and Uchiyama (1992) with the delta-two-stream approximation. The radiation treats direct e¤ects of H 2 O, O 3 , and aerosol. The treatment of long-wave radiation is based on Shibata and Aoki (1989) While the grid spacing of the OGCM in longitude is 2.5 , that in latitude is 2 poleward of 12 in both hemispheres, and 0.5 between 4 S and 4 N with a gradual increase from 0.5 to 2 between 4 and 12 in both hemispheres. The number of vertical levels is 23. The model introduces the eddy mixing parameterization based on Gent and McWilliams (1990) . The sea ice model is similar to that of Mellor and Kantha (1989) , in which the sea ice thickness and concentration are calculated. Flux adjustments for heat and freshwater are applied in order to prevent climatic drifts. Flux for wind stress is also adjusted over oceanic areas near the equator.
Data from the model
The data used are monthly mean data of historical and warming experiments from MRI-CGCM2.2. Analysis regions are analyzed north of 20 N, because we focus on the IVT in the Northern Hemisphere. Model algorithms are the same as those in MRI-CGCM2.3 (Yukimoto et al. 2006) except that sulfate aerosol is based on Mitchell and Johns (1997) in MRI-CGCM2.2. The historical and warming experiments will be described in detail later.
These two experiment data are combined at the beginning of 1990, resulting in the 250-year modeled data set from 1851 to 2100 (hereafter, referred to as the H-S data). Although there is a common period from 1990 to 2000 in the historical and warming experiments, the warming experiment is used for this period. The physical quantities used in this study are primarily surface air temperature and sea ice concentration, with the sea surface temperature (SST) and oceanic streamfunctions as secondary components. The latter three quantities are used to consider the cause of the long-term change of the IVT.
a. Historical experiment
First, a pre-industrial experiment is carried out by keeping greenhouse gas concentrations constant. The historical experiment is a three-member ensemble simulation, whose initial values are taken from three di¤erent states (the 75th, 100th, and 125th year) in the pre-industrial simulation. Therefore, the historical experiment has three ensemble members reconstructing the climate from 1850 to 2000 by the use of the observed greenhouse gas concentrations, aerosol concentrations, and solar constant.
b. Warming experiment
Warming experiment is based on the A2 scenario of Special Report on Emissions Scenarios (Nakicenovic et al. 2000) , predicting the climate up to 2100. This experiment is also an ensemble experiment with three ensemble members. Its initial values are obtained from the three members generated by the historical experiment for January 1990. Under the A2 scenario, annual CO 2 emission in 2100 is four times that of 1990, and the CO 2 concentration in 2100 is 850 ppmv, i.e., two and a half times that of 1990.
Method of analyses for the change in temperature variability
a. Definition and calculation of the temperature anomaly When a physical quantity has a trend, it is not appropriate to define an anomaly as the deviation from the simple time-mean. We must be cautious in cases where interannual variations occur against a backdrop of long-term changes. In this study an anomaly is defined as the deviation from a trend. Since trends are calculated by using a low-pass filter, anomalies are identical to high-pass filtered values. In practice, a Lanczos high-pass filter is applied to the 250-year time series for each calendar month. The cuto¤ period is 30 years with the truncation of 30 years. Thus, the data of the first and last 30 years are not usable and the high-pass filtered data can be obtained for 190 years from 1881 to 2070. Since the Nyquist frequency is 0.5 year À1 , the response is about zero when the frequency is smaller than 1/30 À 0.5/30 (a period of 60 years) and about unity when the frequency is larger than 1/30 þ 0.5/30 (a period of 20 years).
b. Root mean square of the anomaly
The root mean square (RMS) of the high-pass filtered anomaly is calculated every month. The larger the RMS, the larger the variability of the anomaly. The time-mean for the RMS is taken as 30 years. The RMS is calculated from all three ensemble members together. Thus, the total sample number of the anomaly is 30 Â 3 ¼ 90. Let an anomaly of ensemble k be represented as A k ðt; mÞ, where t and m denote year and month, respectively. Then, the RMS of month m can be expressed as
where Y m ðtÞ is the RMS of the anomaly for 30 years from t À 15 to t þ 14. The RMS values for t ¼ 1900 and t ¼ 2050 are compared as typical periods before and after global warming, respectively.
c. Statistical significance test
The statistical significance of the change in the RMS was tested using the variance ratio (F -test). Since the samples, which are obtained by using a high-pass filter, are all independent, the number of degrees of freedom is 90 for both t ¼ 1900 and t ¼ 2050. Here, the ''variance'' is strictly the square of the RMS. Stou¤er and Wetherald (2007) also perform significance testing of the variance ratio. The degree of freedom was severely defined as the number of the ensemble member. However, in this definition, information on the calculated period for the variance (30 years) drops out. In addition, there are few regions where the change of the IVT is statistically significant due to the severe definition of degree of freedom. In particular, the increase of the IVT over the Arctic is not significant. Our definition for degree of freedom is more general.
Results and discussion
a. Interannual variability in temperature before global warming (t ¼ 1900) The horizontal distribution of the RMS of the temperature anomaly, i.e., the IVT for t ¼ 1900, is shown in Fig. 1 . The distribution is similar in all months, therefore the results are shown only for October and February as examples of data for autumn and winter, respectively (all figures in this section show outcomes for these two months).
The IVT is relatively large north of 50 N for every month. More specifically, the maximum value of the IVT is over Novaya Zemlya to Svalbard, the Laptev Sea, the Bering Strait, and the Arctic Archipelago in October, and over Novaya Zemlya to Svalbard, the Sea of Okhotsk to the Bering Sea, and the Davis Strait to the Labrador Sea in February.
The large IVT in these regions cannot be explained by the heat capacity of the underlying surface, which di¤ers from Stou¤er and Wetherald (2007) 's assertion mentioned in Section 1. If their assertion is right, the IVT should be the largest around the North Pole because of the nearly continuous sea ice coverage there. However, the maximum of the IVT in Fig. 1 is located in di¤erent regions, as stated above.
Instead, we claim that the IVT is related to the horizontal gradient of the temperature. That is, where the temperature gradient is large, even a small geographical shift of isotherms causes a large temperature change. The distribution of the temperature gradient for t ¼ 1900 is shown in Fig. 2 . The horizontal gradient is large where the IVT is large. However, there are some regions where the IVT is not large in spite of the large gradient. This feature will be discussed in detail associated with Fig. 3 . Figure 3 shows the ratio of the horizontal gradient (unit: C/km) to the IVT for t ¼ 1900, with the horizontal gradient multiplied by a factor of 200. This is because the horizontal gradient is about 1/200 of the IVT on average. When the ratio is about 1, it means that there is a strong relation between the two elements. In other words, the temperature di¤erence between two places 200 km apart in the direction of the gradient is nearly equal to the IVT there. Figure 3 shows that the ratio is within a range of 0.5-2 in most regions, so that the gradient is proportional to the IVT. However, around the coast of Greenland, the southern coast of Alaska, the coast of the Sea of Okhotsk, and Norway, the ratio is large. This is because the tem- perature di¤erence between the continent and the sea without ice is large, due to the thermal contrast between these two regions. In addition, the gradient is especially large around the coast of Greenland and the south coast of Alaska because high mountain ranges exist in these areas. Thus, the large gradient along these coasts is never related to the IVT. Around the coast of the Arctic Ocean, from Siberia to Alaska however, the ratio of the gradient to the IVT is not large since the continent-ocean-contrast is small due to sea ice in the Arctic Ocean. Moreover, the ratio is small around the North Pole be- Fig. 3 . Ratio of the temperature gradient to the RMS of the temperature anomaly at t ¼ 1900 for the H-S data in October (upper) and February (lower). The temperature gradient is multiplied by 200, because it is about 1/200 of the RMS on average. Fig. 4 . Gradient of the sea ice concentration (Â10 À4 %/km) at t ¼ 1900 for the H-S data in October (upper) and February (lower). The contour lines express 0, 1 Â 10 À4 %/ km for less than 5 Â 10 À4 %/km. The contour interval is 5 Â 10 À4 %/km for 5 Â 10 À4 %/km and more. Shading covers the areas where the value is more than 1 Â 10 À4 %/km.
cause there is little temperature gradient. The horizontal temperature gradient may be related to the horizontal gradient of sea ice concentration. Figure 4 shows the gradient of sea ice concentration at t ¼ 1900. Compared with Fig. 2 , the horizontal temperature gradient is large where the gradient of sea ice concentration is large. The latter is large at sea ice boundaries; the temperature can be much lower than 0 C over sea ice regions, but around 0 C over regions free of sea ice. Thus, the temperature gradient is large in these locations.
b. Long-term change of the interannual variability in temperatures Next, we examine the long-term change of the IVT (ðt ¼ 2050Þ À ðt ¼ 1900Þ). Figure 5 shows the monthly and latitudinal variation of the IVT zonal average. No significance test is performed for this figure, because it is very di‰cult to estimate the increased degrees of freedom for the zonal average. However, large changes in this figure would be significant if the degrees of freedom could be estimated appropriately.
The IVT decreases significantly in many regions north of 50 N except during the summer. Its maximum decrease occurs around 70 N in October. Latitudes where the IVT decreases vary significantly from month to month: The latitude with the maximum decrease moves southward from autumn to winter and its southern limit is around 50 N in January. After this month, the latitude retreats northward until spring. These results are similar to those reported by Stou¤er and Wetherald (2007) .
The geographical distributions of the IVT change are shown in Fig. 6 . The distribution is approximately similar in all months, therefore the results in October, December, February, and April are illustrated (the following figures will use the same months for illustration). Results in summer are not shown because the IVT generally does not decrease during the summer months. In October, the IVT decreases significantly over Novaya Zemlya, the coast of East Siberia to the Bering Strait, and Ba‰n Bay. In December and February, regions with significantly decreasing IVT are located in more southerly regions than in October. The decrease is especially large around the Barents Sea, East Siberia, the Bering Sea, the Sea of Okhotsk, and the Davis Strait. In continental areas, significant decreases are seen in Europe in December and in central Asia in February. In April, the decreasing regions move northward generally, toward the areas around Scandinavia to the Barents Sea, and East Siberia. This movement corresponds to Fig. 5 which shows that the regions where the IVT decreases most significantly vary month by month. In addition, it is noteworthy that in every month there are some regions over the Arctic where the IVT increases significantly, located to the north of regions of decreasing IVT.
c. Long-term change of the local temperature interannual variability in regions with sea ice Stou¤er and Wetherald (2007) state that the poleward retreat of the sea-ice edge due to melting of sea ice brings about the decrease of the IVT at high latitudes. This study also indicates that the IVT decreases widely over sea areas at high latitudes. However, the IVT increases in some regions of the Arctic Ocean north of regions of IVT decrease. Stou¤er and Wetherald (2007) do not discuss increases of the IVT, except in terms of increasing regions of sea ice. Thus, this study examines how sea ice changes a¤ect the long-term change of the IVT, including regions where the IVT increases. Figure 7 shows regions where the di¤erences between t ¼ 2050 and t ¼ 1900 for the IVT and the temperature gradient have the same sign, i.e., both positive or both negative values. There are many regions where both the IVT and the temperature gradient increase north of regions where decreases in both of these quantities are predicted. This is because the areas of large IVT move northward concurrently with a northward shift of the large temperature gradient regions. It is considered that the temperature gradient is closely related to the gradient of sea ice concentration. Figure 8 illustrates regions where the di¤er-ences between t ¼ 2050 and t ¼ 1900 for the gradient in sea ice concentration and the temperature gradient have the same sign. Also, there are many regions where both of these gradients increase north of regions where both of them decrease; global warming brings about the northward shift of regions with large gradients of sea ice concentration due to melting of sea ice, thereby causing the northward shift of regions with large temperature gradients.
However, this cannot be the only mechanism at work here. If it were, it would lead to the result that the absolute values of IVT increase would be approximately the same as those of its decrease. From Fig. 6 , however, it can be seen that absolute values of IVT decrease are generally larger than those of its increase, except over the East Siberian Sea in December.
We suggest that the cause of this predicted increase-decrease imbalance can be attributed to a global decrease of the temperature gradient. Figure  9 shows the seasonal changes of the zonal-mean and meridional-mean surface air temperatures for t ¼ 1900 and their di¤erences between t ¼ 2050 and t ¼ 1900. As for the meridional-mean, the temperature is averaged over the latitude range 50 N to 70 N because the decrease of the zonal temperature gradient is not clear due to a direct influence of sea ice north of 70 N. Since warming is stronger in the Arctic than in the mid-latitudes during the global warming period, the meridional temperature gradient decreases. As for the zonal direction, the temperature at t ¼ 1900 is relatively high over the Atlantic Ocean (around 0 E) and low over East Siberia and northern North America, therefore the zonal temperature gradient is large. During the time of global warming, the temperature rise is hardly discernible around 0 E, while other longitudes show remarkable warming. Thus, the zonal temperature gradient decreases with global warming.
The decrease of the meridional temperature gradient may occur as follows. Figure 10 shows the time change of sea ice coverage averaged over 70 N-80 N and 80 N-90 N in each season. In winter (December-February) and spring (MarchMay), the sea ice coverage has hardly changed even after global warming has begun. In summer (June-August) and autumn (SeptemberNovember) on the other hand, sea ice has been decreasing in the 70 N-80 N latitude band since about 1960, and in the 80 N-90 N band since about 2000. These facts suggest that the process at work in this experiment is similar to that reported in Manabe et al. (1992) , who examined the relationship between sea ice and seasonal change of the temperature at high latitudes during periods of global warming: Since melting of sea ice in summer due to global warming causes an increase in the area of open water, more solar radiation is absorbed due to the low albedo of open water, and the resulting heat is stored in the ocean. The heat is then emitted into the air in autumn. This heat source delays the formation of sea ice from autumn to winter, therefore warming at high latitudes is observed to be the strongest in autumn. Moreover, in winter and spring the heat release increases and the region warms to some extent due to the thinning of sea ice, although the warming is less pronounced in winter and spring than in autumn, since the heat release is smaller in winter and spring owing to the presence of sea ice covering almost all the Arctic Ocean. Thus, the meridional temperature gradient becomes small in the cold season, which is most noticeable in autumn. Our results can be discussed within the framework of this process. In summer, it becomes hardly warm at high latitudes. This is because the temperature is nearly 0 C before global warming and sea ice still remains, although decreasing, in the global warming period, holding the temperature to about 0 C. The decrease of the zonal temperature gradient may occur as follows. The subsidence of sea water may weaken with global warming in the northern Atlantic (Rahmstorf 1999) . Figure 11 shows the vertical mass transport streamfunction in the Atlantic for the H-S data. Around 60 N, although the sea water subsidence is strong at t ¼ 1900, it weakens with global warming. Figure 12 presents the di¤er-ence in the SST in autumn between t ¼ 2050 and t ¼ 1900. The rise of the SST south of Greenland is lower than that in the other regions. This mechanism is already explained by Rahmstorf (1999) . That is, global warming weakens the subsidence of water there due to an increase of the vertical stability and/or the density decrease brought about by increased meltwater, and therefore the decrease in salinity. This in turn weakens the Gulf Stream that transports warm water to the region. As a result, the northern Atlantic will warm less than other regions at the same latitude. On the other hand, the temperature rise is very large in regions of the same latitude where the temperature is extremely low before global warming (e.g., Siberia), therefore the zonal temperature gradient decreases. Thus, the IVT decreases or increases locally with the northward shift of regions with large gradients in sea ice concentration. Moreover, the global decrease of the temperature gradient brings about strengthening of the decrease in the IVT and weakening of the increase.
d. Long-term change of the local interannual temperature variability in regions without sea ice The IVT also decreases significantly over some continental regions, where there is no sea ice. This may be related to the general decrease of the IVT at high latitudes. The temperature gradient be- comes small in these regions (Fig. 7) , which seems to make the IVT decrease. In continental regions where the decrease of the IVT is not significant, the regions experiencing the decrease extend widely. We now examine the long-term change of the IVT over regions where sea ice never exists through the analyzed period (250 years). Figure 13 shows the long-term change of the zonally averaged IVT as a function of month and latitude. As this figure shows, there are many regions with significant decreases in the IVT north of 50 N1. That is, the IVT decreases over many regions where sea ice never exists. This must be reflected in the average decrease of the IVT over the whole high latitude zone.
The cause of the IVT decrease in regions where sea ice never exists is likely that the global temperature gradient decreases with global warming (see Fig. 9 ). The larger the decrease of the temperature gradient, the larger the decrease in the IVT. For 1 The reader may doubt that the influence of sea ice still remains around the edge, which is reflected in Fig. 13 . Hence, a similar analysis to that used for Fig. 13 was performed, excluding not only sea ice regions but also the one grid outside of the sea ice edge. The results (not shown) were almost the same as those in Fig.  13 . Therefore, we conclude that there is no sea ice influence in Fig. 13. this reason, the decrease of the IVT is the largest around 70 N in autumn.
Conclusions
The long-term change of the interannual variability in surface air temperature (IVT) and its causes are analyzed, by using the monthly surface air temperature data simulated by two models. The data consist of the outcomes of historical and warming experiments. We combine the two data, constructing a 250-year data set (the H-S data).
The IVT in these simulations is found to be large over sea areas at high latitudes in the Northern Hemisphere before global warming (t ¼ 1900). The results reveal large gradients of both temperature and sea ice concentration in these areas. Since regions of large sea ice concentration gradient correspond to the sea ice edge, the temperature di¤ers greatly between regions with and without sea ice, leading to a large temperature gradient. As a result, the IVT is also large in these regions due to geographical shifts of isotherms.
The IVT decreases at high latitudes (north of 50 N) under a global warming scenario except during the summer. A significant decrease is seen at more southerly latitudes during the colder months. On the other hand, there are regions of increasing IVT north of regions where it decreases over sea areas at high latitudes for all months in the cold season. The decrease of the IVT is caused by a decrease of the temperature gradient due to decreasing sea ice concentration gradient. By contrast, the increase of the IVT results from the increase of the temperature gradient associated with the increase of the sea ice concentration gradient.
The decrease of the IVT over the entire high latitude zone is strongly related to the global decrease of the temperature gradient. The surface air temperature rise associated with global warming is more pronounced at high latitudes than in the midlatitudes. Then, the meridional temperature gradient decreases significantly in the high latitude. At the same time, the zonal temperature gradient also becomes small.
The decrease of the meridional temperature gradient may occur by the following mechanism. The melting of sea ice in the Arctic during summer owing to global warming makes the sea surface there absorb more incident solar radiation. In autumn, the heat is emitted into the air, causing warming at high latitudes. The heat release continues from winter to spring, so the warming e¤ect is still significant, although smaller than in autumn. Hence, the meridional temperature gradient decreases.
Because the temperature rise di¤ers from area to area, the zonal temperature gradient decreases. The reason is as follows. In the northern Atlantic, oceanic vertical stability may increase and/or the sea water density may decrease due to melting sea ice, resulting in the weakening of seawater subsidence and then of the Gulf Stream. Consequently, the warming is relatively small there. In regions where it is relatively cold before warming, the warming is relatively large. Therefore, the zonal temperature gradient decreases.
As a result of the above processes, the temperature gradient decreases globally. Therefore the decrease of the IVT associated with the sea ice concentration gradient is strengthened, while the increase of the IVT is weakened. Furthermore, the IVT decreases in regions that permanently lack sea ice probably due to the global decrease of the temperature gradient. Thus, the IVT decreases generally at high latitudes.
Other factors may be related to the long-term change of the IVT. Changes of the distribution and depth of snow may have an influence on the local decrease of the IVT over land areas at high latitudes. Analyses of snow data are therefore needed. In addition, changes of pressure patterns possibly a¤ect the IVT via changes of air advection, and teleconnection patterns such as the Arctic Oscillation may also be related to the IVT. Thus, longterm changes of variability in other factors (e.g., sea level pressure, 500 hPa height) should be examined to explore their e¤ects on long-term changes in the IVT.
perform analyses similar to those described above carried out with MRI-CGCM2.2. Like the latter, MIROC3.2 experiment also has three ensemble members. Initial values in the historical experiment (in 1850) are taken in every 100 years in the preindustrial experiment. The results were almost the same as those for MRI-CGCM2.2, therefore our results have high reliability. In this appendix, the analysis for MIROC3.2 is described briefly.
A.1 Model description
MIROC3.2 (medres) is controlled by a coupler which combines five sub-models (atmospheric, oceanic, land-surface, river, and sea ice models). In the atmospheric model, the horizontal resolution is the same as in the MRI-CGCM2.2 (T42). In the verti- Figure A1 shows the di¤erence of the zonally averaged RMS of the temperature anomaly between t ¼ 2050 and t ¼ 1900 as a function of month and latitude. There are many regions that exhibit a decrease of the RMS, except during the summer months as in MRI-CGCM2.2. These regions are located at more southerly latitudes in colder months. The geographical distribution for the di¤erence of the IVT in October is illustrated in Fig. A2 . The IVT decreases or increases significantly in nearly the same regions as given by MRI-CGCM2.2. In addition, the regions of the decrease (increase) of the IVT correspond to those of the decrease (increase) of the temperature gradient (Fig.  A3) . Furthermore, the positive or negative regions in Fig. A3 correspond to the regions where the differences for the gradients in the temperature and the sea ice concentration have both positive or both negative values (Fig. A4) .
A.2 Results
Moreover, the decrease of the IVT is larger than its increase, as is the case with MIROC3.2. Since the global temperature gradient decreases both in the zonal and meridional directions (Fig. A5) , the decrease of the IVT is strengthened, while the increase is weakened.
The regions where IVT decreases under MIROC3.2 are similar to those given by MRI- CGCM2.2 even in regions without sea ice (Fig.  A6) , except that the IVT decreases significantly around 80 N from December to March2. Thus, it can be concluded that in the MIROC3.2 model, the IVT decreases generally at high latitudes in the Northern Hemisphere in the cold season, because of the global decrease of the temperature gradient.
